Abstract. Effective electron excitation collision strengths have been calculated for fine-structure forbidden transitions within the 5p k (k = 1, 3, 4) ground configurations of Xe iii, Xe iv, Xe vi and the 5p 5 configuration of Ba iv. In addition calculations have been performed for allowed and forbidden transitions within the three lowest configurations of Ba ii. For astrophysical applications the data are tabulated in the range 2 000 − 50 000 K. The applicability of the Breit-Pauli R-matrix technique to the computation of collision strengths for xenon and barium ions has been investigated by comparison with test calculations using the Dirac R-matrix method. Our data will be employed in quantitative analyses of highly excited nebular spectra, especially of NGC 7027 where important implications for the interpretation of collisionally excited transitions in the heavy ions are expected.
Introduction
Calculations of collisional data for heavy trace elements have been stimulated by the recent detection of collisionally excited lines of krypton, xenon and barium ions in the spectrum of the planetary nebula (PN) NGC 7027 (Péquignot & Baluteau 1994 , hereafter referred to as PB94). In a previous paper (Schöning 1996 , hereafter Paper I) we have presented effective collision strengths for transitions within the 4p k (k = 2−4) ground configuration of Kr iii, iv, v. The calculations have important implications for analyses of the nebular krypton lines. We have shown that the collision strengths for krypton ions are similar in magnitude to those for homologous transitions in lighter noble gas ions and thus cannot account for the anomalous intensities of the collisionally excited krypton lines in NGC 7027.
Unexpectedly large line intensities have also been measured for the xenon and barium ions identified in NGC 7027. Péquignot & Baluteau have discussed the plausible explanation that the abundances of the heavy elements in the PN are enhanced by roughly an order of magnitude relative to the solar system values. The authors suggest that the process of nucleosynthesis in low-mass stars and the subsequent injection of its by-products into the interstellar medium be carefully reinvestigated using reliable elemental abundances. Thus detailed quantitative analyses of the Xe iii, iv, vi and Ba ii,iv lines are needed which make it necessary to have accurate electron collision strengths available.
We have performed preliminary calculations of effective collision strengths for Xe iv (Schöning 1995) using the non-relativistic R-matrix theory (Berrington et al. 1987) . In this work fine-structure splitting of the target terms has been approximately included through algebraic transformations of the LS-coupling transmission matrices to intermediate coupling. Since the applicability of the nonrelativistic method is restricted to low-Z ions the resulting collision strengths are considered to be only rough estimates. Nevertheless, the data proved to be useful for examining the gross behaviour of the effective collision strengths of heavy noble gas ions.
For heavy ions such as xenon (Z = 54) and barium (Z = 56) relativistic effects are important. For instance the target structure and, consequently, the target thresholds in the collision strengths as a function of colliding electron energy are significantly affected by finestructure splitting. Thus, within the framework of the close-coupling approach, these effects have to be consistently included in the target and scattered electron wavefunction from the outset. With regard to the relatively high nuclear charge of the complex ions the Dirac Rmatrix theory (see Norrington & Grant 1987 ) is the state of art for solving the electron scattering problem in a J − J coupling representation. However, since these calculations are extremely demanding in terms of computing time it is impractical to produce large amounts of collisional data with the presently available computing facilities. Hence, as in Paper I we have tackled the electron scattering problem using the low-Z Breit-Pauli formulation of the R-matrix method (Hummer et al. 1993 : The IRON Project, hereafter IP93). Here the nonrelativistic continuum Hamiltonian is transformed from LS-coupling to a pair coupling scheme and the one-body mass correction, Darwin and spin-orbit terms are additionally included. It is well known that the Breit-Pauli Hamiltonian is applicable to intermediate Z-ions with Z not much beyond Z = 30. We expect, however, that with increasing electron temperature (i.e. higher collisional energies) relativistic target effects will play a minor rôle in the scattering process. Thus for selected ions we have compared the Breit-Pauli collision strengths with test calculations using the Dirac R-matrix method in order to estimate the accuracy of our results and to clarify the question as to whether our data can be used to provide reliable diagnostics for highly excited nebular spectra. Furthermore, analogously to the case of krypton ions, we have investigated the applicability of the semi-relativistic R-matrix method, an extension of the non-relativistic R-matrix theory, as an adequate alternative to the costly Breit-Pauli calculations.
In the following section (Sect. 2) we will briefly outline the various approaches for the calculation of effective collision strengths for the ions of xenon and barium under consideration: semi-relativistic (tcc), Breit-Pauli (bp) and Dirac (dc) R-matrix methods. Subsequently the bp results are presented in Sect. 3. For selected transitions a comparison of the different methods is critically discussed (Sect. 4). Finally, concluding remarks are given in Sect. 5.
Calculations
In the following sections we only sketch the atomic structure and scattering calculations since detailed descriptions of the various methods are to be found elsewhere (IP93, Norrington & Grant 1987) .
Semi-relativistic and Breit-Pauli R-matrix method
To begin with we recall that a consistent treatment of relativistic effects in both the target and scattered electron wavefunction such as in the bp method tends to lead to a problem of prohibitively large dimensions. This is due to the number of scattering channels in the R-matrix which are associated with the target fine-structure levels. They increase rapidly with the number of target terms included. Thus we employ close-coupling representations for the total wavefunctions target + electron based on a reasonably small number of target terms. We have generated configuration-interaction target wavefunction expansions using 7 (Xe iii), 10 (Xe iv), 6 (Xe vi), 5 (Ba ii) and 3 (Ba iv) LS terms. A compilation of the spectroscopic and correlation target configurations is to be found in Table 1 . The one-electron orbitals nl have been optimized using the SUPERSTRUCTURE package (Eissner et al. 1974; Nussbaumer & Storey 1978) . Table 2 shows the corresponding adjustable scaling parameters λ nl in the statistical-model potential. From Table 3 it is obvious that the agreement between the calculated fine-structure energy levels and the experimental measurements generally is better than 10%. Nevertheless in the scattering calculations we have adjusted the theoretical target threshold energies to those measured except for a few levels where experimental energies are not available. We note that in Table 3 we have reordered the designation of some calculated levels, e.g. 2 S 1/2 and 2 P 1/2 in Xe vi. These levels Sansonetti et al. (1993) .
are strongly mixed by spin-orbit coupling and it is well known that SUPERSTRUCTURE could yield incorrect term designations. However, this does not imply that the wavefunctions of these target states are inaccurate.
As in Paper I we apply the following approaches to the solution of the electron scattering problem with the inclusion of relativistic effects: (a) the semi-relativistic tcc and (b) the full intermediate coupling bp R-matrix method for the large-scale calculations. In the tcc method the collisional problem is efficiently solved in LS-coupling and collision strengths for transitions between fine-structure target levels are obtained through algebraic recoupling of the transmission matrices (T = 1 − S) to intermediate coupling. Additionally J − J coupling between the target terms is included using a perturbation treatment with term-coupling coefficients (Saraph 1978) . Clearly the applicability of this approach must be carefully investigated since it requires the term splittings to be small compared to the term separations. On the other hand the bp Hamiltonian contains the spin-orbit interaction and algebraic recoupling of the Hamiltonian matrices from LS to a pair coupling scheme includes all scattering channels explicitly including fine-structure.
The numerical solution of the scattering problem is achieved by means of the RAL version of the Iron Project R-matrix package (Eissner, priv. commun.) which can be run both in (a) LS and (b) intermediate coupling mode. Subsequently we employ the asymptotic region codes STGFJ (IP93) and STGFJJ (Eissner, priv. commun.) to calculate the collision strengths for case (a) and (b) respectively. For simplicity channel coupling has been neglected and Coulomb wavefunctions have been used in the asymptotic region. Test calculations have revealed that this approximation affects the collision strengths by ∼ 30% at most for ions with residual charge z = 1 but the effect of channel coupling decreases rapidly with increasing z.
Partial wave contributions are included for all total angular momenta and parity symmetries with J ≤ for Ba ii. With this choice, convergence for all the collision strengths could be achieved except for the dipole allowed transitions in Ba ii where a new "top-up" procedure in STGFJJ was employed to estimate the contribution of high partial waves. The energy mesh was determined in terms of the effective quantum number ν relative to the next higher target threshold. Particularly narrow resonance structures of the collision strengths could be resolved with a small step width ∆ν = 1 10 −4 . However, close to thresholds where ν exceeds a value of ν max = 10 we have used a constant interval length ∆E ≈ 1 10 −5 Ryd in (z-scaled) energy and the resonances have been averaged according to Gailitis' method (Gailitis 1963 ).
Dirac R-matrix method
Since we have applied the bp approach to the computation of collision strengths for heavy ions of xenon and barium it is desirable to estimate the accuracy of our results by comparison with the dc method. We consider Xe iv as a test case and employ the multiconfiguration Dirac-Fock code GRASP 2 of Parpia et al. (1996) to obtain wavefunctions and energies for the 10 lowest jj-coupled configuration-state functions (csf) formed from 5s 2 5p 3 and 5s5p 4 (Table 4) . Apart from 4f5s 2 5p 2 and 5s5p 2 5d 2 all correlation configurations from Table 1 have been included so that the computational dimensions could be kept to a reasonably small level. The self-consistent orbital calculation was performed in the extended average level (eal) mode which involves an optimisation of the Hamiltonian trace weighted by the degeneracies of the particular csf. We note that in our calculation only the Coulomb electron-electron interaction is included in the Hamiltonian and higher-order terms such as full transverse Breit and quantum electrodynamic contributions have been neglected. We have applied the DARC package (Norrington, priv. commun.) to the numerical solution of the collisional prob- lem. Because the residual charge of the Xe iv ion is relatively small and the channel energies of less than 10 Ryd are low, the asymptotic equations could be solved using non-relativistic Coulomb wavefunctions. Accordingly collision strengths were obtained from the asymptotic region code DSTGF (Norrington, priv. commun.) which has a structure similar to the bp code STGFJJ. The choice of computational parameters such as the maximum total angular momentum of the partial wave contribution tallies with the corresponding bp calculation.
Results
We have calculated the Maxwellian averaged effective collision strength
with x = E/k B T . Here E is the kinetic energy of the outgoing electron, T the electron temperature in Kelvin and k B = 6.339 10 −6 Ryd/K, the Boltzmann constant. The excitation rate coefficient from level i to j is then given by q ij = 8.631 10
where g i is the statistical weight of level i and E ij the excitation energy of level j relative to i in Ryd. Finally, the de-excitation rate coefficient obeys the relation q ji = 8.631 10
We have tabulated Υ ij for all transitions within the ground configurations of Xe iii,iv,vi and Ba iv in Table 5 . Additionally the results for transitions between states associated with the three lowest configurations of Ba ii are listed. The temperature grid with temperatures ranging from 2 000 to 50 000 K has been chosen as to match the conditions in gaseous nebulae and stellar atmospheres.
Discussion
In this paper we have applied various R-matrix techniques to the calculation of collision strengths for ions of xenon and barium: the semi-relativistic tcc, the full intermediate coupling bp and the Dirac dc formulation of the R-matrix method. A comparison of the collision strengths as a function of colliding electron energy obtained with the different approaches will demonstrate the influence of appropriately consistent treatments of relativistic effects in the target + electron system on the effective collision strengths. Secondly, deviations between the results of different methods make it possible to estimate the accuracy of our results. In Paper I we have shown that inclusion of finestructure splitting in the hamiltonian of krypton ions causes large differences between tcc and bp effective collision strengths especially at low electron temperatures. For xenon ions the level splittings are much larger compared to those of homologous krypton ions and consequently this effect is very prominent in the collision strengths. The finestructure transition 3 P 2 − 3 P 0 in Xe iii exhibits a remarkable Rydberg series of resonances close to the excitation threshold which is not at zero energy in the bp calculation (Fig. 1a) . This comparison makes clear that for a temperature of 2 000 K bp yields effective collision strengths which exceed the tcc result by a factor of 2 (Fig. 2a) . The differences slowly decrease with increasing temperature.
Similarly, the collision strength of the
transition in Xe iv is dominated by complex resonance structures at low energies (Fig. 1b) . However, due to the significantly lower background of the tcc calculation the effective collision strengths do not show convergence even at high temperatures (Fig. 2b) . This is an indication that the semi-relativistic perturbation approach fails to simulate intermediate coupling effects in the collisional process. Figure 1c illustrates the results of our dc test calculations. It can be seen that at low energies the amplitudes of particular resonances are considerably strengthened whereas the background collision strength is similar to that obtained with the bp method. A maximum deviation of ∼ 30% between the dc and bp effective collision strengths is found at a temperature of 10 000 K (Fig. 2c ).
Presently this is comparable with other uncertainties in the analyses of highly excited nebular spectra, e.g. due to the determination of ionization equilibria for heavy elements. Collision strengths have not been measured experimentally for any of the heavy ions. However, in Paper I it has been shown that the effective collision strengths can be inferred from the Θ λ parameters, determined from the observed line intensities, in Tables 10-13 of PB94. Analogously to Paper I we consider the two transitions in the Xe iv 4 S− 2 D multiplet at 7535.4Å (1 − 2) and 5709.2Å (1 − 3) where the labelling of the transitions in braces refers to the indices of the fine-structure energy levels in Table 5 . Following Eqs. (6), (7) of I we can write
with Υ 1j being the effective collision strength for the transition from the ground state to the upper level j of the line j → i. The bp calculation using 10 LS terms yields Υ 13 /Υ 12 = 1.4 for a nebular temperature of 13 500 K (see Table 2 in PB94) which is slightly in disagreement with the measurements (Θ 5709 /Θ 7535 = 2.0±0.4) of PB94. It is interesting to note that the results of our test calculations with 5 LS terms (bp: Υ 13 /Υ 12 = 1.1, dc: Υ 13 /Υ 12 = 1.2) are even further off the observational error limits. This is an indication that better agreement between theory and observation could be achieved with a more detailed target model in the scattering calculations. Finally, employing our new bp results we plot the effective collision strengths Υ ij (T = 10 000 K) for transitions from the ground state to excited states within the np 3 (n = 2, 3, 4, 5) ground configuration of the noble gas ions Ne iv (Giles 1981) , Ar iv (Zeippen et al. 1987) , Kr iv (Paper I) and Xe iv (Fig. 3) . The diagram exhibits partially monotonic increases of the collision strengths towards higher n. We suspect, however, that the decline of collision strengths for n > 4 could be removed with a more elaborate Xe iv target model in a Dirac R-matrix calculation. Nevertheless, a general enhancement of the collision strengths for the heavy noble gas ions by more than an order of magnitude as compared to those of lighter ions which could explain the unexpectedly large intensities of collisionally excited krypton and xenon lines in the spectrum of NGC 7027 can be safely excluded. Fig. 3 . Effective collision strength Υij(T = 10 000 K) for selected homologous transitions in the np 3 (n = 2, 3, 4, 5) ground configuration of Ne iv, Ar iv, Kr iv and Xe iv. The transitions are labelled i − j on the right hand side of the diagram with i, j referring to the indices of the fine structure energy levels in Table 5 5. Conclusion
This work is an extension of our previous Breit-Pauli Rmatrix calculations of effective collision strengths for krypton ions to elements in the fifth and sixth row of the periodic table. We have shown here that unlike the scattering calculations for krypton ions the semi-relativistic tcc approach, essentially an algebraic recoupling technique using term-coupling coefficients, is not applicable to the computation of collisional data for heavy ions such as Xe iii, iv, vi and Ba ii, iv. On the other hand, comparison of our bp results with test calculations using the Dirac R-matrix method reveals that the inclusion of relativistic effects in the electron scattering process based on a full intermediate coupling approach yields electron excitation rates of heavy elements which can be used in the derivation of diagnostics for highly excited nebular spectra. The comparison of our results with those for lighter ions confirms our previous conclusions (cf. Paper I) that atomic physics calculations do not corroborate a systematic enhancement of effective collision strengths for heavy elements by orders of magnitude as was suggested in PB94. Consequently the nebular spectrum of NGC 7027 should be carefully reinvestigated using our data to obtain reliable abundances of the heavy ions. With regard to the anomalous intensities of collisionally excited lines new constraints from overabundances of these species are extremely valuable for understanding the process of heavy element formation in the progenitor of NGC 7027 and the subsequent enrichment of the planetary nebula.
